Cytomegalovirus (CMV) infection negatively influences both short-and long-term outcomes after cardiothoracic transplantation. In heart transplantation, registry analyses have shown that CMV immunoglobulin (CMVIG) with or without virostatic prophylaxis is associated with a significant reduction in mortality and graft loss versus no prophylaxis, particularly in high-risk donor (D)+/recipient (R)− transplants. Randomized comparative trials are lacking but retrospective data suggest that addition of CMVIG to antiviral prophylaxis may reduce rates of CMV-related events after heart transplantation, including the incidence of acute rejection or chronic allograft vasculopathy. However, available data consistently indicate that when CMVIG is used, it should be administered with concomitant antiviral therapy, and that evidence concerning preemptive management with CMVIG is limited, but promising. In lung transplantation, CMVIG should again only be used with concomitant antiviral therapy. Retrospective studies have shown convincing evidence that addition of CMVIG to antiviral prophylaxis lowers CMV endpoints and mortality. The current balance of evidence suggests that CMVIG prophylaxis reduces the risk of bronchiolitis obliterans syndrome, but a controlled trial is awaited. Overall, the relatively limited current data set suggests that prophylaxis with CMVIG in combination with antiviral therapy appears effective in D+/R− heart transplant patients, whereas in lung transplantation, addition of CMVIG in recipients of a CMV-positive graft may offer an advantage in terms of CMV infection and disease.
I
n this article, we will review clinical reports investigating the use of cytomegalovirus (CMV) immunoglobulin (CMVIG) in heart and lung transplantation. In particular, we will focus on the evidence reached by several studies conducted over a wide time span, thus reflecting diverse eras of clinical practice, aiming to dissect the role CMVIG should play in the current setting of antiviral and immunosuppressive strategies. In addition, we will highlight unmet needs and unanswered questions needing further investigation.
Use of CMVIG Prophylaxis
There is wide variability in the modalities of CMVIG use for CMV prophylaxis among thoracic transplant centers. Although a small number of centers use CMVIG universally, it is more commonly selectively administered in high-risk or very high-risk cases. Across all organ types, approximately 20% of centers use CMVIG in donor (D)+/recipient (R)− transplants or other specific situations, 1 whereas an international survey of lung transplant centers in 2010 indicated that approximately every third center uses CMVIG in D+/R− transplants. 2 Many centers do not administer CMVIG prophylactically, relying entirely on antiviral agents. The updated CMV Consensus Conference of the Transplantation Society included the option of treatment with CMVIG in addition to antiviral prophylaxis therapy. 3 The report pointed out that the combination is most widely used in high-risk procedures, such as thoracic or intestinal transplants, in conjunction with antiviral prophylaxis, consistent with the International Society of Heart and Lung Transplantation Guidelines for the Care of Heart Transplant Recipients. 4 In this article, we consider studies which have supported the role of CMVIG in thoracic transplantation. It should be noted, however, that some studies were performed before effective oral antiviral medications were available, and thus their relevance needs to be assessed in the context of current therapeutic strategies. Nevertheless, we have sought to dissect the available evidence to shed light on the potential role of CMVIG amidst modern anti-CMV prophylaxis strategies, pointing out where data are lacking and proposing possible future directions for study.
As is often the case, thoracic transplantation may gain insights from experience in abdominal organs. [5] [6] [7] [8] [9] In the preganciclovir era, a double-blind, placebo-controlled study in 141 liver transplants found that CMVIG prophylaxis without antiviral prophylaxis reduced the risk of severe CMV disease from 26% to 12% overall (relative risk, 0.39; 95% confidence interval, 0.17-0.89), although surprisingly not for the D+/R− subpopulation. 6 More recently, an analysis of data from the Scientific Registry of Transplant Recipients supported a benefit for CMVIG administration versus patients who received no CMVIG or antiviral therapy in terms of improved graft survival and a trend toward better patient survival in high-risk transplants. 7 An analysis of registry data from 2805 liver transplant patients given CMVIG with or without antiviral therapy found the risk of graft loss or death to be reduced after CMVIG treatment versus no prophylaxis, but only when given in combination with antiviral therapy. 8 Lastly, a meta-analysis of prospective randomized trials in solid organ transplants of different types (predominantly kidney) has examined the effect of CMVIG prophylaxis. 9 Compared with patients who received no CMVIG, there was a marked reduction in allcause mortality which took into account CMV-related deaths (Table 1) . However, the study population included few thoracic transplant recipients and only 2 of the 11 studies assessed included concomitant antiviral therapy. 9 Translation of these results to the thoracic transplantation setting is limited by the scarcity of studies and lack of randomized trials, despite the fact that heart or lung transplant recipients are at increased risk for CMV disease compared with other types of solid organ transplantation 12, 13 and could particularly benefit from additional protection. As alluded to above, 2 important caveats need to be considered when interpreting results:
(1) The era of analyses should be taken into consideration. The CMV infection was poorly diagnosed in the 1980s and early 1990s compared with recent years, when antigenemia and, latterly, polymerase chain reaction-based monitoring became more widely available. Additionally, early studies of CMVIG prophylaxis in thoracic transplant recipients frequently did not include antiviral therapy, which is now routine in high-risk or even all patients. (2) There are several CMVIG products, which are not identical. Modifications of the original Cytotect 10% CMVIG product, including exclusion of β-propiolactone treatment, resulted in a higher concentration of anti-CMV antibodies and significantly greater inhibition of T-cell proliferation and cytokine production versus the original Cytotect CP preparation in vitro. 14 A comparison of the 2 most widely used commercial preparations, Cytotect and Cytogam, shows that both contain comparable amounts of high-avidity CMV-specific IgG and similar neutralization activity directed against CMV glycoproteins. 15 Data relating to other products cannot necessarily be regarded as relevant to these 2 preparations.
Registry Analyses
Data analysis from transplant registries offers large populations and long follow-up, permitting detection of differences in mortality and graft survival rates between treatment strategies. However, few or no data are available on the types of agents used (either CMVIG or antiviral agents), the route of antiviral administration, the duration of therapy, or the dosing regimens, making it difficult to draw firm conclusions about differences between treatment groups. Snydman and colleagues 10 undertook an analysis of the effect of CMV prophylaxis in 28 862 recipients of a primary heart transplant registered with the Scientific Registry of Transplant Recipients. At hospital discharge, patients were receiving CMVIG, usually with an antiviral agent as well (1514 of 2112 patients), antiviral therapy only (n = 12 089), or no CMV prophylaxis (n = 14 661). The frequency of D+/R− transplants was highest in the cohort receiving CMVIG (30%). The CMVIG, with or without antiviral therapy, was an independent predictor for higher patient and graft survival ( Table 1 ). The adjusted risk for death or graft loss was also significantly lower for recipients treated with CMVIG monotherapy versus no-CMV prophylaxis (Table 1) . However, there were no significant differences in patient/graft survival rates between CMVIG-only therapy versus antiviral therapy, or between CMVIG with antivirals or antivirals alone. 10 The same group performed a similar analysis in pediatric heart transplant recipients. 11 After 7 years of follow-up, the benefit for CMVIG was again most pronounced in the high-risk (D+/R−) population. As in the adult analysis, treatment with CMVIG alone, CMVIG with antiviral therapy, or antivirals alone showed no apparent differences in long-term patient or graft survival rates. Interestingly, however, there was a lower risk for acute rejection in children discharged on CMVIG alone versus only antiviral therapy (hazard ratio, 0.61; P = 0.04) 15 ; a similar analysis was not performed in the adult cohort. 10 
Heart Transplantation
Early nonrandomized studies suggested that CMVIG prophylaxis reduced the incidence of CMV infection and disease in D+/R− heart transplants compared with that seen in seropositive patients, 16, 17 indicating that passive immunization offers the same protection against CMVas naturally acquired anti-CMV resistance. Few randomized studies have assessed the use of CMVIG for prophylaxis or preemptive management in heart transplantation, and the available data are largely confirmed to high-risk populations (Table 2) . [18] [19] [20] [21] [22] [23] In 1995, Aguado et al 21 published the results of a prospective, randomized trial in 31 CMV-seropositive patients receiving heart transplants from seropositive or seronegative donors who were treated with CMVIG or intravenous (IV) ganciclovir prophylaxis. Those randomized to CMVIG (Cytotect) received 100 mg/kg within 24 hours of transplant, and at 2, 4, 6, 8, and 10 weeks posttransplant with no antiviral therapy. In the ganciclovir group, ganciclovir was given at 5 mg/kg twice a day for 14 days within 48 hours of transplant, with the dose adjusted based on renal function. All patients received OKT3 with cyclosporine, steroids and azathioprine. Six months after CMV, infection rates were similar but CMV disease was significantly more frequent in the CMVIG monotherapy group. 21 No patient died of CMV-related causes. However, a large 5-year single-arm retrospective analysis in 377 heart transplant patients 24 observed a 3.6% incidence of CMV-related deaths in CMV-seronegative recipients receiving CMVIG only, concluding that additional prophylaxis with ganciclovir is advisable in this high-risk subgroup. 24 No randomized trial has compared CMVIG with or without antiviral therapy in heart transplantation, but a retrospective study in 207 D+/R− transplants reported significantly lower rates of CMV disease and CMV-related disease with the addition of IV ganciclovir. 19 These findings support recommendations that when CMVIG is used, it should be administered in conjunction with antiviral prophylaxis therapy. 3 Randomized comparisons of CMVIG plus IV ganciclovir versus IV ganciclovir alone are lacking. A retrospective analysis of 27 D+/R− transplant patients compared with 27 matched historical controls by Valantine et al 20 found significant benefits for the addition of CMVIG. Over 3 years of follow-up, the rate of CMV disease was significantly lower in the cohort given CMVIG with IV ganciclovir therapy, showing a significant increase in survival. Potena et al 18 described outcomes in a series of 66 heart transplant patients in whom CMV prophylaxis was tailored according to risk status. All CMV-seropositive recipients received a standard course of IV ganciclovir for 4 weeks. All D+/R− recipients received the same course of IV ganciclovir, but this was supplemented with CMVIG for the first 4 months posttransplant. In addition, oral valganciclovir was given for a mean of 6 weeks after ganciclovir therapy in the D+/R− group, but not in lower-risk patients. The high-risk D+/R− patients, under the intensive prophylactic regimen, had a lower rate of CMV infection than R+ patients without CMVIG or valganciclovir (Table 2 ). However, the specific contribution of CMVIG is difficult to ascertain because CMVIG-treated patients also received prolonged prophylaxis with antiviral therapy. 18 In a subsequent analysis, Potena and colleagues 25 showed that the benefit of prolonged prophylaxis with the addition of CMVIG influenced CMV kinetics and replication burden, with D+/R− patients unexpectedly experiencing lower CMV DNA titers in mononuclear and polymorphonuclear cells, suggesting a more effective recovery of CMV immunity than in R+ patients.
One study, by Yamani et al, 22 investigated initiation of CMVIG in response to low IgG levels. Twenty-three patients who developed moderate hypogammaglobulinemia (350-500 mg/dL) were randomized to CMVIG (Cytogam, 150 mg/kg until IgG >500 mg/dL; mean, 1.4 doses per patient) or placebo, at a mean of 105 days posttransplant. 22 All patients received oral acyclovir or valganciclovir, depending on risk status. The CMVIG treatment group had a much lower rate of CMV infection at month 12 posttransplant (Table 2) . Another randomized trial compared preemptive therapy with CMVIG (Cytogam) versus IV ganciclovir, in seropositive heart transplant recipients in whom CMV antigenemia was detected by week 12 based on the presence of pp65 antigen. 23 A single dose of CMVIG (200 mg/kg) was given in the CMVIG group (n = 14). The IV ganciclovir 5 mg/kg was given every 12 hours until the CMV antigenemia test was negative (mean, 12.3 days). No patient in either group developed CMV disease, and there was no difference in the rates of superinfections. 23 These promising findings for use of CMVIG as preemptive therapy await confirmation in a larger trial.
Regarding the impact on acute rejection, there is suggestive evidence that CMVIG may significantly influence the incidence of this complication. 18, 20, 22 Two nonrandomized trials found that D+/R− patients given CMVIG prophylaxis had a significantly lower incidence of acute rejection than untreated R+ patients 18 or D+/R− patients. 20 Preemptive CMVIG treatment in patients with moderate hypogammaglobulinemia showed a trend to fewer rejection episodes in a randomized trial. 22 However, 1 small randomized trial found no difference in the rate of rejection between patients given CMVIG versus IV ganciclovir, both as preemptive therapy. 23 Anti-CMV strategies may also indirectly lower the risk for rejection by reducing CMV event rates. A meta-analysis of anti-CMV prophylactic or preemptive antiviral regimens found a significant reduction in risk of allograft rejection, 26 as did a 
Comparative studies of CMVIG in heart transplantation
First author/year registry analysis of CMVIG prophylaxis in children undergoing heart transplantation. 11 It is unclear, however, whether an effect on rejection is partly mediated by the well-known immunomodulatory effects of immunoglobulins 27 rather than an entirely CMVIG-specific effect.
The CMV is believed to contribute to the development of native atherosclerosis 28 as well as graft coronary remodeling after heart transplantation, 29, 30 with higher rates of cardiac allograft vasculopathy reported in CMV-seropositive heart transplant recipients. 24 Two studies have performed intravascular ultrasound (IVUS) in patients receiving CMVIG with antiviral therapy. 18, 20 In a retrospective analysis by Valantine et al, 20 IVUS was performed at 3 years posttransplant in 19 D+/R− patients given CMVIG with IV ganciclovir and 12 matched controls given IV ganciclovir alone. Mean intimal thickness was significantly lower in the CMVIG group (0.16 versus 0.45 mm, P < 0.001), as was the proportion of patients with intimal thickness 0.3 mm (15% vs 56%; P = 0.01). Potena and colleagues performed IVUS in a subset of 42 patients from their study in which D+/R− patients received CMVIG prophylaxis with IV ganciclovir and subsequent oral valganciclovir, and CMV-seropositive patients were given only IV ganciclovir. 18 There was a significantly smaller decrease in vessel volume and lumen volume in the patients given CMVIG, indicating less graft vascular disease, supporting the concept that aggressive anti-CMV strategies may improve graft vascular protection.
It remains an open question as to what contribution is made by addition of CMVIG to prolonged antiviral prophylaxis and to what extent the IgG-related properties of CMVIG may play a CMV-independent role in graft protection. It seems reasonable to speculate that the immunomodulatory properties of CMVIG could be a factor in the reduced rate of rejection and allograft vasculopathy observed in CMV D+/R− patients. Indeed, an extended duration of antiviral prophylaxis alone does not seem to achieve a graft-protective effect, because studies comparing different durations of antiviral prophylaxis have failed to demonstrate differences in rejection outcomes. 31, 32 In addition, in recent years, the concept of endothelial injury mediated by donor-specific antibodies (DSA) has emerged, and immunoglobulin therapies may disrupt DSA-mediated damage. Unfortunately, published studies of CMVIG in thoracic transplantation have so far not included DSA monitoring, and this possibility requires testing in an appropriately designed prospective study.
Lung Transplantation
Few comparative studies have used CMVIG in lung or heart-lung transplantation (Table 3) . 20, [33] [34] [35] [36] [37] [38] One randomized trial by Kruger et al 33 compared CMVIG prophylaxis versus no prophylaxis in 44 CMV-seropositive lung transplant patients. The CMVIG alone did not influence the rate of CMV infection, mortality, or the incidence or severity of CMV pneumonitis. However, the treatment regimens for diagnosed CMV infections were not homogeneous. The literature contains a small number of case reports of successful CMV prophylaxis in high-risk lung transplant patients using CMVIG alone, 39, 40 but also cases in which patients given only CMVIG prophylaxis developed positive antigenemia. 40 As in heart transplantation, it appears advisable to use CMVIG only in combination with antiviral therapy.
Retrospective analyses have compared outcomes with CMVIG prophylaxis in combination with ganciclovir versus ganciclovir alone in lung transplant patients. 20, 37, 38 Two of these were performed in at-risk serostatus patients 20, 35 ; the third excluded D-/R− transplants. 37 Each of these analyses showed a convincing benefit for addition of CMVIG in terms of CMV endpoints, including CMV disease. This translated to substantial survival benefits at 3 years after lung transplantation: in a study of 38 patients by Ruttmann et al 37 as well as in an analysis of 77 lung or heart-lung transplants by Valantine et al. 20 However, in the study by Ruttmann and colleagues, 37 which analyzed patients transplanted during 1994 to 2004, all patients received IV ganciclovir but oral ganciclovir was switched to the better-absorbed valganciclovir after 2003. Since CMVIG therapy was initiated in 2000, valganciclovir was more widely used in the CMVIG cohort. In the population analyzed by Valantine et al, 20 IV ganciclovir was given for only 4 weeks compared with the 6 to 12 months which is now standard practice. The relevance of antiviral therapy in CMVIG-treated patients was highlighted by a small singlecenter retrospective analysis, in which CMVIG prophylaxis with IV ganciclovir was reported to be more efficacious in D+/R− lung transplant patients than CMVIG with oral ganciclovir. 40 A recent single-center retrospective study analyzed rates of CMV pneumonia in 57 lung transplants of all CMV serotype matches. In total, 148 biopsies were collected from 33 recipients given CMVIG with a short course of ganciclovir or valganciclovir (days 21 to 42 posttransplant) and 155 biopsies from 24 control patients given oral acyclovir for 24 months, with IV ganciclovir added in the event of CMV antigenemia or confirmation of clinically suspected CMV infection. The CMVIG did not influence the rate of pneumonia during the first month, compatible with its mode of action, but subsequently resulted in a marked and significant reduction in tissue pneumonia up to the final follow-up at 24 months. 34 The available data do not show a consistent effect for CMVIG, with or without concomitant antiviral therapy, on rates of acute rejection after lung transplantation, 33, 35, 38 except for 2 retrospective studies. 20, 36 Regarding chronic rejection (bronchiolitis obliterans syndrome), the analyses by Ruttmann et al 37 and Valantine et al 20 reported a significant reduction in the rate of bronchiolitis obliterans syndrome using CMVIG prophylaxis, whereas other studies did not report consistent data. 33, 35, 36 Relating to this, the immunomodulatory properties of CMVIG have been discussed above in the context of heart transplantation.
Data on use of CMVIG as preemptive therapy in lung transplantation is restricted to a small number of cases in which CMVIG with oral ganciclovir achieved antigenemia neutralization within the first month of treatment. 40 Ranganathan et al 35 undertook a multicenter retrospective analysis of 329 children given ganciclovir prophylaxis, 62 of whom were also given CMVIG using various regimens. Multivariate modeling showed that patients without CMVIG were 3-fold more likely to develop CMV infection. The authors found no effect of CMVIG administration on risk for developing CMV disease, possibly because the study population included patients at all levels of risk.
One large (n = 1157) single-center retrospective analysis of lung transplant recipients from 1989 to 2011, who received CMVIG for 4 weeks with ganciclovir and/or valganciclovir, found a low rate of posttransplant lymphoproliferative CMV pneumonitis: 50% vs 36% (P = 0.54) disease (1.5%) compared with the literature, 41 but comparative studies are lacking.
CMVIG Dosing in Thoracic Transplantation
The manufacturer's recommendations for Cytotect in solid organ transplantation advise that administration should start on the day of transplantation, with at least 6 doses (50 mg/kg) given at intervals of 2 to 3 weeks. For Cytogam, 5 doses of 150 mg/kg are recommended by the manufacturer, starting within 72 hours of transplant then at 2 weekly intervals, followed by 2 doses of 10 mg/kg to week 16. A variety of regimens have been used in thoracic transplant studies, including occasional administration of a single high dose but more typically at the recommended doses given up to 7 times. One retrospective, single-center study compared different dosing regimens for CMVIG in D+/R− heart transplant patients. 42 Patients were given 1 dose of IV nonspecific immunoglobulin therapy (500 mg/kg) followed by either 1 or 5 doses of CMVIG (Cytogam, 125 mg/kg). The antiviral regimens comprised IV and oral ganciclovir or acyclovir, and differed between groups, negating a robust comparison between groups. However, the patients who received 5 doses of CMVIG showed markedly lower rates of CMV disease at 2 years posttransplant than those given only 1 dose (17% or 33% with multiple-dose CMVIG, depending on antiviral therapy, versus 75% with single-dose CMVIG, P < 0.01). 42 In terms of duration, 1 trial in recipients of a CMV-seropositive lung transplant given CMVIG for only 1 month showed good efficacy when given with ganciclovir, 37 but treatment for a longer period, broadly compatible with the manufacturer's recommendations, is more standard.
CONCLUSIONS
In light of the need to provide effective and safe anti-CMV strategies in thoracic organ transplantation, without exposing patients to an increased risk of drug toxicity or viral resistance, we reviewed the available literature to identify evidence for a benefit of CMVIG in this specific high-risk patient population.
Although scattered across several small, single-center, and often retrospective studies, and frequently limited by the absence of current antiviral therapy, the available data suggest that CMVIG, when associated with antiviral therapy, may provide an additional benefit in preventing CMV disease and manifestations of chronic rejection in thoracic transplant recipients. This benefit appears particularly apparent in D+/R− heart and lung transplant patients, achieving a low rate of CMV disease and effective prevention of CMV-related death. [18] [19] [20] 37, 38 It must be noted, however, that prophylaxis with CMVIG alone is not advisable. 21 The favorable safety profile of CMVIG as compared with ganciclovir derivatives and other antiviral agents permits its administration as rescue or adjunctive therapy: in patients with leucopenia (a common side effect of ganciclovir), especially those receiving mycophenolic acid immunosuppression; in patients who are intolerant to antiviral agents; or in those who are under intense immunosuppression (eg, antirejection treatment with high-dose steroids or lymphocyte-depleting therapy).
On the other hand, the studies reviewed herein also highlighted the issues relating to CMVIG strategy that require further investigation. These include the lack of adequately sized prospective randomized studies including seropositive recipients; specific investigation of the mechanism of action of CMVIG, potentially involving the recovery of BOS, bronchiolitis obliterans syndrome; MT, multicenter; OB, obliterative bronchiolitis; LB, lymphocytic bronchiolitis.
CMV cell-mediated immunity; data on the possible positive interaction with mammalian target of rapamycin inhibitors, immunosuppressants known to be associated with a low risk of CMV infection; and the immunomodulatory effect of CMVIG in preempting the onset of donor-specific antibodies, a CMV-independent effect that could partially explain some of the benefits observed with CMVIG, 18, 20, 37 and that may be related to a class effect of immunoglobulins.
